Abstract. Theoretical calculations using proximity based potentials are performed to predict the fusion cross sections of the reactions of weakly bound projectiles especially halo nuclei with 209 Bi target. Both neutron halo as well as proton halo projectiles are taken in the present analysis. In particular, we study the role of extended nuclear radii of these weakly bound nuclei on the fusion cross sections. The inability of 8 B+ 58 Ni reaction to follow the systematics at above barrier energies motivates us to investigate the trend for the reactions of those weakly bound nuclei for which experiments are not yet performed. Our results indicate that extended radii of these weakly bound nuclei significantly affect fusion barrier heights as well as fusion probabilities throughout the energy range. We also study the fusion probabilities of a few reactions involving tightly bound projectiles.
Introduction
It is well known that the excitation energy determines the fate of a reaction. Low incident energies drive the reacting partners into complete (or incomplete) fusion followed by the pre-equilibrium emission of the nucleons [1] . Further increase in the excitation energy breaks colliding nuclei into many pieces [2] . Excitation energy of a reaction is also crucial to predict the nature of collective flow [3] .
The pursuit of sub-barrier fusion has earned unique attention in the recent past in the reactions involving tightly bound as well as weakly bound nuclei. This renewed interest is also due to the availability of radioactive ion beams that lead to the formation of very neutron rich nuclei [4] . A number of experiments have been performed at sub-barrier energies [5] accompanied by efforts on the theoretical front [6] also. As reported by Balantekin and Takigawa [7] , sub-barrier fusion reactions are not only important for stellar energy production and nucleosynthesis, but are also important for studying reaction dynamics and nuclear structure. The weakly bound nuclei, especially halo nuclei due to their extended radii and low energy threshold for break-up, have been a subject of great interest in the last few years. Most of the reactions involving these nuclei are found to follow the systematic behavior of fusion suppression above the barrier and enhancement at sub-barrier energies [8] . The reaction of the proton halo 8 B projectile with a 28 Si target is found to follow the systematics [9] , but in the case of 8 B + 58 Ni reaction, unexpected results are observed i.e. enhancement is observed at all energies [9, 10] . This behavior differs from the systematics observed so far for all other weakly bound nuclei. Since different behaviors of proton halo and neutron halo projectiles [10] , and even the same proton halo projectile with different targets [9] , are observed towards fusion, it is very important to investigate the trends for other weakly bound nuclei for which experimental studies have not yet been made.
In Ref. [11] , Dutt and Puri carried out a massive hunt for the best nucleon-nucleon potential by carefully analyzing about a dozen proximity based potentials, robust for a large number of empirical fusion barriers. There, the potentials due to AW 95, Bass 80 and Denisov DP were found to reproduce barrier heights and positions far better than others in the class [11] . In addition to many extensions of the original proximity potential, Dutt and Bansal [12] also proposed a new form of proximity potential (labelled as Prox. 2010). Apart from the proximity based potentials, one due to the Skyrme energy density formalism (SEDF) with Skyrme force SIII was also found to explain experimental barriers nicely [13] . The above comparison was limited to the reactions of tightly bound projectiles only. In some cases, mainly the above barrier region was considered only [13] . One is therefore, interested to test these potentials for the fusion of weakly bound projectiles with heavy targets. In Section 2, we describe the models, which is followed by the results in Section 3.
Description of Models
As noted above, a careful analysis of [11, 12] has shown that the potentials due to AW 95, Bass 80, Denisov DP and Proximity 2010 yield close agreement with experimental data. All these potentials were parameterized in terms of the proximity concept [12, [14] [15] [16] .
The proximity potential is based on the theorem that states that "the force between two gently curved surfaces in close proximity is proportional to the interaction potential per unit area between two flat surfaces" [17] . The interaction potential V N (R) between two colliding surfaces therefore, is given by
where C (= (C 1 C 2 )/(C 1 + C 2 )), b and R are the reduced radius, surface width and central separation, respectively. Here C is the central radius and Φ is the universal nuclear function. The surface energy coefficient γ has the form
Here γ 0 and k s are the surface energy coefficient and surface asymmetry constant, respectively. Though the proximity 1977 potential has been the benchmark for all the calculations, the recent form and value of γ, radius as well as Φ have lead to proximity 2010 [12] . Based on the liquid drop model, Bass had suggested a potential that can be parameterized in terms of the proximity concept [14] . A similar attempt was also made by A. Winther in his work [16] . On the other hand, Denisov performed calculations for 119 spherical or non-spherical even-even nuclei around the β-stability line and derived an expression for the nuclear part of the potential [15] . This potential was further improved by Dutt and Puri [11] . The potential based on the Skyrme energy density formalism (SEDF) was also solved within the proximity concept [13, 18] . There, the Skyrme potential corresponding to SIII Skyrme force was found to reproduce barrier heights and positions accurately [13] . In this model, the nuclear part of the interaction potential V N (R) is defined as the difference between the energy expectation value E of two colliding nuclei at a finite distance R and at infinity : The energy E at infinity represents the binding energy of a nucleus in isolation. The energy expectation value E is given by
The energy density function H is a function of nucleonic density ρ, kinetic energy density τ and spin density J. The nuclear potential V N (R) is sum of a spin-independent part V P (R) and a spin-dependent part V J (R). We use Skyrme force SIII in the present study. For the details of all potentials, the reader is referred to Refs. [11] [12] [13] . By adding the Coulomb potential to the nuclear potential, one can compute the total potential V T (R) and hence barrier positions and heights. For the accurate calculation and reproduction of the fusion cross-sections above the barrier, one should be able to reproduce the barrier height and position accurately. In contrast, the shape of the barrier is the most crucial parameter for the sub-barrier studies. The sub-barrier distribution can be computed within the Wong model [19] . Accordingly, the fusion cross section for complete fusion is given by
CNR*13 [24] where l max corresponds to the largest partial wave for which a pocket still exists in the interaction potential and T l (E c.m. ) is the energy-dependent barrier penetration factor, approximated by the HillWheeler formula for a parabolic interaction barrier as:
where V l B (R l ) and ω l are the fusion barrier heights and curvature, respectively, the for l th partial wave. Here, R l and ω l are insensitive to l and are therefore given by
and
Using the above assumptions and replacing the summation in Eq. (5) by an integral results in The fusion cross sections for the reactions of tightly bound projectiles is calculated using Eq. (9). But the above mentioned parametrization is inadequate to account for the total fusion cross-sections of the reactions involving weakly bound projectiles. Therefore, a new parameterized form given in Ref. [20] is used. The reduced energy is given by dividing the center of mass energy by 
Result and Discussions
For the present systematic study, we first calculated the fusion probabilities of a few reactions of tightly bound projectiles with heavy targets and then for the reactions of weakly bound projectiles with heavy targets.
Fusion of tightly bound projectiles with heavy targets
For the present systematic study, we calculated the fusion probabilities of the reactions of 28 Table 1 , the calculated fusion barrier heights and, in table 2, the barrier positions are displayed for the above mentioned reactions using the potentials due to AW 95, Bass 80, Denisov DP, Proximity 2010 and SEDF (SIII force) along with the empirical values. From the table, it is evident that all potentials can reproduce the experimental barriers quite accurately. This also further justifies that these potentials are better than others available in the literature. As noted by many authors, the neutron content affects the barrier height significantly.
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From Table 1 , we observe that as the neutron content of a reaction increases, the barrier height decreases. This trend remains the same if one keeps the target or projectile fixed. Further enhancement in the barrier height is seen with the mass of the colliding pair.
We display in Fig. 1 , the potentials around the barrier and fit them with an inverted harmonic oscillator. The parameters of the inverted harmonic oscillator are then used in the Wong formula to calculate the fusion cross-sections. For the sub-barrier fusion, the shape of the potential and its parametrization is the most crucial one. It is evident that independent of the reacting partners, the barrier region can be fitted nicely by an inverted harmonic oscillator. From Figs. 2-5, it is evident that all of the proximity based potentials explain nicely the fusion cross-sections at above-barrier energies and a very small enhancement at sub-barrier energies is observed for the above mentioned reactions of tightly bound projectiles with heavy targets.
Fusion of weakly bound projectiles with heavy targets
In our recent study of fusion probabilities with halo nuclei [10] , we found that the effect of extended size on the fusion probabilities of a few known reactions of halo projectiles strongly depends upon the nature of the halo nucleus, i.e. proton halo or neutron halo. In Ref. [9] , it is shown that the unexpected behavior of 8 B+ 58 Ni gives a signature of different breakup dynamics effects for proton halo nuclei compared to neutron halo nuclei.
Hence, in this paper we extend our study for the reactions of weakly bound projectiles especially neutron halo nuclei like 15 C and 17 B and proton halo nuclei like 17 F and 17 Ne with a 209 Bi target. In Table 3 , matter radii calculated for the neutron halo nuclei 15 that the matter radii calculated using these proximity based potentials are either lower or higher than the measured values. We are interested to see the effect of including the experimentally measured nuclear radii on fusion barrier heights and fusion probabilities using proximity based potentials. Since SEDF is applicable to even-even nuclei and Denisov DP is used for nuclei with A≥16, we restrict our attention to the potentials AW 95, Bass 80 and Proximity 2010. Table 4 gives barrier heights calculated using these proximity potentials.
In Figs. 6-8, we display the reduced fusion excitation functions σ reduced (mb) calculated using the Wong formula as a function of the reduced center of mass energy, E reduced (MeV). The solid, dashed and dash-dotted black lines represent the calculations for the AW 95, Bass 80 and Proximity 2010 potentials, respectively. The solid, dashed and dash-dotted gray lines represent calculations for the AW 95 halo , Bass 80 halo and Proximity 2010 halo potentials, respectively (including experimentally measured radii). Here, Fig. 6 is a part of Fig. 2 of Ref. [10] . In this figure, we notice fusion suppression above the barrier and enhancement at sub-barrier energies in the case of 6 He + 209 Bi, as predicted by Gomes and collaborators [8] but enhancement throughout the energy range for the reaction of 8 B + 58 Ni. We also found that the fusion cross sections calculated using the AW 95 halo ,
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00014-p.9 17 F only. Since the trend for fusion cross sections (on including halo radii) of these weakly bound nuclei is not clear, more experiments are invited for these reactions in order to compare with our theoretical calculations.
Summary
We have performed calculations to predict the fusion cross sections of the reactions of tightly bound as well as weakly bound projectiles with heavy targets. In the case of reactions of tightly bound projectiles, calculations using proximity based potentials are found to be in close agreement with experimental data. In the case of reactions involving weakly bound projectiles, especially halo nuclei, CNR*13 00014-p.11 the extended radii significantly affect barrier heights as well as fusion probabilities. The observed large enhancement throughout the energy range in the fusion cross sections of the proton halo projectile 17 F (see 17 F + 209 Bi reaction) is an important question for further experimental study. Since fusion cross sections of very few proton halo nuclei has been measured till now, it is very important to investigate experimentally the reactions of these weakly bound nuclei with a 209 Bi target.
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